Ozone exposure has been shown to increase the loss of K from Chiorela cells due to an inrea in passive permeability and a depolarization of membrne potential. One factor which likely influences or can be influenced by these changes is the energy state of the cell. To An increase in cell plasmalemma permeability is the major initial cellular event observed in plants treated with 03 (9). This results in a drastically altered internal environment of the cell and ultimately leads to cellular death. Potassium ion is lost in particularly great quntities (3). Our previous studies with Chlorella sorokiniana (10) indicated that a portion of the 03-stimulated K efflux was due to a collapse of the cell membrane potential, which provides part of the electrochemical potential required for cation retention by these cells. It has been suested that in Chlorella (10) and in higher plants (17), a depletion of energy reserves due to a decline in respiration is related to the membrane potential depolarization (16, 19) and, therefore, to the process of 03 injury. The present study undertakes a more extensive examination of the energy status in a well studied model system, Chlorella, to determine how it affects various permeability processes.
Chiorela cells due to an inrea in passive permeability and a depolarization of membrne potential. One factor which likely influences or can be influenced by these changes is the energy state of the cell. To study this relationship, various indicators of cell energy status were examined in the presence and absence of 03.
The active uptake of chloride and deoxyglucose is nearly completely inhibited by 03 at a dose at which cellular death, measured by plating efficiency, is minimal. Glucose-stimulated respiraton, dependent upon ATP/ADP balance, is depressed to a greater degree than endogenous respiration in ozonated cells. Total ATP and glucose-6-phosphate lels also decrease but not as rapidly, and labeled intermediates of glucose metabolism are lost.
Thus, exposure to 03 results in a depletion ofthe cell's energy reserves as substantiated by changes observed in processes which both utilize and generate ATP. This loss in energy reserves occurs at the same exposure level of 03 as do the changes in passive tnport properties. Thus, we cannot tell which occurs firt; and the processes seem to be linked with respect to 03 injury.
An increase in cell plasmalemma permeability is the major initial cellular event observed in plants treated with 03 (9) . This results in a drastically altered internal environment of the cell and ultimately leads to cellular death. Potassium ion is lost in particularly great quntities (3) . Our previous studies with Chlorella sorokiniana (10) indicated that a portion of the 03-stimulated K efflux was due to a collapse of the cell membrane potential, which provides part of the electrochemical potential required for cation retention by these cells. It has been suested that in Chlorella (10) and in higher plants (17) , a depletion of energy reserves due to a decline in respiration is related to the membrane potential depolarization (16, 19) and, therefore, to the process of 03 injury. The present study undertakes a more extensive examination of the energy status in a well studied model system, Chlorella, to determine how it affects various permeability processes.
The effects of03 treatment on the active influx ofdeoxyglucose and Cl-, the loss of metabolites derived from glucose, and changes in the activities of several glycolytic enzymes (hexokinase, phosphoglucoisomerase, and G6P-DHase') are reported. Also, 03 effects on endogenous and glucose-supported respiration and ATP levels are asses. This new information is integrated with previously reported data on 03 effects on K fluxes to present a broader picture of 03 injury. ' Abbreviations: G6P-DHase, glucose-6-phosphate dehydrogenase;
G6P, glucose-6-phosphate; F6P, fructose-6-phosphate.
MATERIAIS AND METHODS
Chlorella sorokiniana were grown and harvested as described previously (4) . All experiments were carried out at 38C in the dark. [U-'4CJDeoxyglucose, [U-'4C]glucose, "Rb, and 36Cl were purchased from New England Nuclear. The "CI, purchased as an HCI solution, was neutralized with saturated KOH to about pH 6.0. The amount of K+ added during neutralization as determined from the amount of added base was considerable ( Fig. 1 legend) . Label movement for influx experiments, or after preloading with glucose (Table Ill legend) for efflux experiments, was followed during the period of exposure to 03 or oxygen; this methodology has been detailed previously (8, 10) . After labeling, the cells were separated from the suspension medium by Millipore filtration (0.2 ,um pore size), followed by a 20-volume wash with unlabeled solution. The radioactivity was counted on a IS-9000 liquid scintillation counter (Beckman Instruments, Fullerton, CA).
Respiration was measured with a Clark Oxygen Electrode (Yellow Springs Instruments, OH) at 38°C, as previously described (10) . The glycolytic intermediates of metabolism were measured by enzymic methods (21) . For analysis of intermediates, cells were packed by high speed centrifugation (Sorvel RC-2B; rotor SS-34) at l0,OOOg and then disrupted by the addition of an equal volume of HCl04. After neutalization with KOH, the intermediates were enzymically coupled to NADP reduction through G6P dehydrogenase. The resulting NADPH was monitored fluorometrically (340 nm, excitation wavelength; 420 nm, measuring wavelength) using a Perkin-Elmer Fluorometer (model MPF-43A). These measurements were calibrated with compounds obtained from Sigma Chemical. The ATP level was measured in a similar fashion using hexokinase and excess glucose to yield G6P, which was quantitated as outlined above.
The enzymes were measured as above, except the cells were disrupted by repeated freeze-thawing rather than by exposure to HCl04.
The 03 was generated by UV irradiation of pure 02 gas (10) at a flow rate of about 60 cc/min, yielding about 3 x 10-7 mol 03/min delivered to 5 ml ofa solution of cells (2 x (2, 5, 6, 8, 12, 15) . Further, the neutral sugar influx is thought to be independent of the membrane potential (18) . 03 significantly alters the influx of both Cl and the glucose analog, deoxyglucose.
The influx of chloride in control cells displays exponential kinetics with a half-time of about 30 min (Fig. IA) (10) , most of the internal chloride is lost.
A double-label experiment using 'Rb and 3Cl shows the difference in the transport of these two ions (Fig. 1B) . In the control, a continued accumulation of Rb over Cl occurs for about 30 min. 03 exposure causes a sizeable increase in Rb accumulation over Cl for about 8 min, but this cannot be maintained and a large decrease in the ratio of Rb/Cl accumulated is ultimately observed.
Deoxyglucose uptake, as measured by initial rate, is 50% inhibited after only 5 min of 03 exposure (Fig. 2) . After a 20-min exposure, cells transport virtually no deoxyglucose. Thus, the active processes of chloride and deoxyglucose uptake are rapidly inhibited by ozone.
In autotrophically grown Chlorella cells supplied with glucose, the rate of glucose uptake is linear with no appreciable lag for at least 90 min, and respiration is rapidly (<5 min) and greatly stimulated (118 ± 23%). The rapid stimulation of respiration is (10) expected ifATP levels are slightly depleted by the active transport and initial phosphorylation of the sugar. Cells exposed to 03 exhibit an inhibited endogenous respiration (10), but even more dramatic is the 03 inhibition of the glucose-stimulated rate of respiration. After a 10-min exposure to 03, the glucose-stimulated rate is totally inhibited while the endogenous rate is inhibited by only 30% (Fig. 3) . To inhibit 50% of the glucose-stimulated rate, an exposure of only 3 min is required (Fig. 3) .
Ozonation also decreases the levels of the phosphorylated sugars, G6P, and F6P (Table I ). Yet, even though glucose transport is inhibited, the internal level ofglucose shows little decline.
The decline in the internal concentration of G6P without a concurrent decline in glucose suggests a loss of ATP within the cell. Thus, ATP levels were measured following various penods of 03 exposure (Fig. 4) . Although the ATP level declines after a short period of ozonation, it never reaches zero, even after an exposure of 30 min. At this time, the active tansport of deoxyglucose and Cl is nearly 100% inhibited (Figs. 1 and 2) . The decreased ATP level parallels the decline of G6P levels within the cells. In fact, we have observed the level ofATP to be linearly correlated with G6P in a wide variety of Chlorella cultures exposed to 03 or oxygen; one could measure either biochemical to assay this component of the cell energy status.
Activities of three enzymes involved in early glucose metabolism were assayed in 03-treated cells (Table II) . Hexokinase is only slightly inhibited even after a 30-min treatment. Phosphoglucoisomerase, likewise, is moderately inhibited in cells exposed to 03. However, like hexokinase, it has sufficient activity to maintain the equilibrium between G6P and F6P. G6P dehydrogenase activity is most affected by 03; but it, too, is sufficiently active to maintain glucose transformation rates within the cells. Thus, in vitro enzyme activity per se is not responsible for the decline of glucose metabolism. Cell viability in another Chlorella species was greatly dereased by 03 exposure (7) . That strain of Chlorella was grown at a lower temperature and treated with a higher dose of 03. Those studies were repeated under the present conditions with C. sorokiniana, as shown in Figure 5 . Over the first (10) . Using the efflux rates calculated for Rb (10) and chloride (data not shown), the effect of 03 on the passive transport ofboth ions can be explained by a depolarization of about 25 mv with a 3-fold increase in general permeability (10) . After long exposure to 03(20-30 min under the conditions reported here), cell viability declines ( [7] ; Fig. 5 ), and general membrane disintegration is observed (20) . The sizable decrease in Cl and Rb uptake after about 15 to 20 min (Fig. 1) The cells were harvested and washed in standard phosphate medium. Cells were suspended in the same medium with 5 mM glucose + 0.12 pCi ml-' ['4Cglucose for 15 min at 38C. The cells were then centrifuged at 8000g for 10 min, washed once in medium (-glucose), and resuspended in standard medium (-glucose). The total (cell + supernatant) concentration of label (based upon glucose specific activity) was 275 pm (28,800 ± 1200 dpm ml-'). Time visualize 03 injury proceeding in two phases, the first or initial phase being reversible and involving a series of reactions which are highly interdependent; the second phase is characterized by its irreversibility.
The first phase includes permeability changes at the plasmalemma with loss of K and other intermediates, as well as a decrease in the rates ofboth ATP production and ATP dependent catabolic reactions. The arguments for the passive permeability alteration are made in (9) and are based upon the Goldman equation from which one can calculate both the passive permeability coefficient and the membrane electrical potential from passive influx and efflux of Rb. The changes in Cl influx, a passive process, upon exposure to 03 are consistent with this model (data not shown).
During this same phase, 03 treatment inhibits both respiration (10) and photosynthesis (1 1), processes which produce ATP or its equivalent. Thus, 03 might be expecd to inhibit processes requiring energy due to a decline in the ability of the cell to continuously produce ATP at high rates. This may be the case for active transport (Figs. 1 and 2) .
Glucose-stimulated respiration was more inhibited by 03 than endogenous respiration (Fig. 3) , most probably due to lack of energy to pump in glucose (18) . Since internal glucose levels are hardly decreased under these conditions (Table I ) and glucose is unreactive toward 03 (1), the glucose influx rate, although lowered, must still be sufficient to keep that pool constant ifglucose utilization is slowed. Indeed, we observe inhibition of glucose phosphorylation (Table I) , and this inhibition can be attributed to lowered ATP levels (Fig. 4) , and not to inhibition of hexokinase. Effects on hexokinase cannot be responsible for the pronounced decline in G6P pool size as its measured inhibited reaction rate in vitro is still higher (7 x 10-16 mol glucose transformed/cell min) than the respiration rate of the control cell.
The decrease in enzyme activities may be due to an inactivation of enzymes in a small population of cells which are either more sensitive or in closer proximity to 03 or its reactive products (9) . It is always possible that the in vivo activity of these and other enzymes are not optimal due to inbalances of ions and other small molecules as well as the in vitro decline and decline in energy reserves.
ATP levels decrease upon ozonation (Fig. 4) , but levels are not affected to the degree that other processes, such as active transport, are inhibited. However, it should be noted that this measurement depends upon the relative rates of energy flow into and out of the pool of ATP. Our observation is consistent with conditions under which pathways using ATP and those producing it are being inhibited to a similar extent. Furthermore, this decline in ATP may be significant as many reactions are highly sensitive to even small changes in ATP levels (13, 14, 18) .
The above explanation may account for why only a slight decline in ATP was measured by Pell and Brennan (17) in Pinto beans which had developed visible injury, and why, in Chlorella, when the respiration rate is 10% of normal, K+ fluxes are nearly zero, and the ultrastructure is distorted (20) , the ATP level is still nearly 50% that of control cells.
This decline in cell energy status is probably exacerbated by the loss of some of the soluble intermediates of metabolism (Table Ill) . Although the identities ofthese glucose-derived products are unknown, they likely affect normal regulatory events within the cell.
Prior to about 15 min of03 exposure during this initial phase, Chlorella cells recover (3, 10) if the oxidant is removed from their environment. However, after this time, natural repair processes and compensatory mechanisms are overcome by the progression ofreactions ofall the events described above. This results in an irreversible or second phase of injury which is best monitored by cell death and, in Chlorella, occurs after treatment with about 4.5 x 10' mol 03 (Fig. 5) .
